Summary: Understanding the operation of biological molecular motors, nanoscale machines that transduce electrochemical energy into mechanical work, is enhanced by bottom-up strategies to synthesize novel motors.
I. INTRODUCTION
In his book 'What is life?', Erwin Schrödinger equated death with the living cell decaying into thermal equilibrium with its surroundings. That is, when a cell is unable to continue using the free energy of its environment to keep order, it decays into a state of disorder. Evolution has led to incredibly beautiful, complex, and astonishing constructs called molecular motors to maintain order and sustain life.
Molecular motors are tiny, nanometer-sized, proteinbased machines often described as the 'workhorses' of the cell. They are involved in a wide range of key processes, including intracellular transport, positioning of cell organelles, cell division, muscle contraction, and synthesis of ATP, the chemical 'fuel' of the cell.
In an effort to understand the complex operation of biological molecular motors, researchers have sought to create synthetic ones. The importance of this approach, a young and growing area of research, was recognized by this year's Nobel Prize in Chemistry. Following the view of Richard Feynman, "What I cannot create, I do not understand" [1] , we test our understanding of mechanisms of operation through designing artificial analogues of the processes we observe in Nature.
In this article we highlight some properties of biological molecular motors, then focus on the relatively new field of biologically inspired artificial molecular motors.
II. KINESIN: A PROTOTYPICAL WALKING MOTOR
A well known family of biological motors is kinesin. The motor protein kinesin I functions primarily to transport large cargo that will not randomly diffuse in a reasonable time scale to its needed place in the cytoplasm. It does so by walking in a hand-over-hand fashion directionally along a microtubule 'track' within the cell. Kinesin I consists of two flexibly linked globular head groups (the 'feet') each with 2 binding sites: one site for ATP and the other for the microtubule surface (Figure 1: top) . When kinesin's leading head is bound to a microtubule, ATP can bind into the active site. The neck linker then * nforde@sfu.ca stiffens such that the lagging head is propelled forward to become the new leading head [2] . Random thermal fluctuations ultimately bring the leading head to dock to the next microtubule binding site. The ATP in the lagging head is hydrolyzed to ADP + phosphate. Rapid diffusion of the phosphate ion into solution results in a sub-nanometre 'gap' within the ATP active site [3] . It is believed that this triggers a conformational reorganization near the active site that is mechanically transmitted to the microtubule binding site. This lagging motor head then unbinds from the track, and the cycle repeats itself (Figure 1: bottom) . Interestingly, there is evidence that Kinesin I remains in an idle position until a cargo binds [4] ; the binding of cargo activates the motor to begin moving! Kinesin by the numbers: Kinesin I takes 8 nm steps at an average velocity of 750 nm/s, and is able to exert a force of up to 5.4 pN [5] . Given that kinesin's mass is 184 kDa (where 1 kDa = 1.66x10 −9 picograms), its ratio of maximum force to body weight is over 10 7 . If a person were capable of such a force-to-body weight ratio they would be able to lift more than 3000 Boeing 747 aircraft. The incredible difference between the relative capabilities of kinesin versus people arises because molecular systems operate in a stochastic environment where they harness energy in the form of thermal fluctuations (for a detailed discussion on this topic see the article by David Sivak and Aidan Brown in this issue).
III. SYNTHETIC WALKING MOTORS
Inspired in part by kinesin, DNA-based nanomachines have shown great promise as artificial molecular motors. Here, there are two sources of energy that can be used to bias motion: hydrogen bonding associated with DNA basepairing, and hydrolysis (cleavage) of DNA's phosphodiester backbone [6] . The free energy change of creating 10 base pairs of DNA is approximately -58 kJ mol −1 (-23 k B T at 300K), similar to that of ATP hydrolysis at standard conditions, -32 kJ mol −1 (-13 k B T at 300K) [6] . For reference, the thermal energy scale of k B T is 2.5 kJ/mol (or ∼0.03 eV) at 300 K. As an example of a DNA nanomachine, Tosan Omabegho and co-workers [7] successfully constructed a bipedal DNA walker that relies on diffusion to move directionally on an asymmetric track. Its hand-over-hand translocation (between DNA footholds supported on a double-stranded DNA track) is analogous to the motility mechanism of kinesin. Its anticipated speed is, however, much slower than that of kinesin due to the timescales of DNA hybridization and unbinding. This DNA nanomachine is one of the few autonomous artificial molecular motors thus far realized.
Another approach to artificial design, much more in its infancy, utilizes non-motor-protein modules as building blocks. The 'tumbleweed' [8] is an example of a tripedal motor designed to move on a periodically patterned, linear dsDNA track. Its feet are three unique DNA-binding protein domains each chemically linked to a central hub. By flowing through the appropriate ligand for each foot [9] , the construct is expected to take successive steps along a DNA track in a tumbling fashion, as shown in Figure 2 . Similar to most DNA motors, the tumbleweed cannot operate autonomously, but relies on rectified diffusion, controlled by cyclically flowing in the correct activators for each foot. For this design, the free energy source for biasing movement is a temporal change in chemical potential: the high concentration of new ligand drives a specific foot to bind, and when that ligand is removed from solution the low concentration leads to the release of the foot. 
IV. BURNT-BRIDGES RATCHETS:
BIOLOGICAL AND SYNTHETIC
Another class of motile proteins in biology achieves directional and processive motion through a 'burnt-bridges' mechanism. A burnt-bridges walker destroys track binding sites as it progresses, thereby biasing its own motion by preventing backwards stepping.
Matrix metalloproteases (MMPs) are an example of such a system [10] . MMPs travel along collagen fibrils, degrading these tracks (catalysing the cleavage and subsequent disassembly of collagen) as they travel. (For more information on collagen fibrils, see the article by Baldwin, Quigley and Kreplak in this issue.) Observations of individual MMP-1 proteins have characterized their motion as biased one-dimensional diffusion, biased by substrate cleavage and hindered by specific interactions with the collagen fibrillar track [11] . Intriguingly, the cleavage sites for MMP are separated by 65 nm along the collagen fibril, a distance approximately an order of magnitude larger than the size of the MMP. There are many open questions regarding how MMPs achieve biased directionality and an extremely high processivity. Recent studies suggest that it is not sufficient to examine simply the MMP, but rather one must consider the collagen fibrillar track and its structure as an integral part of the motility mechanism [12] .
An artificial DNA motor that utilizes hydrolysis to induce a burnt-bridges mechanism has been constructed by Bath et al. [6] . In their system, the phosphodiester DNA backbone of an anchoring strand of DNA is enzymatically cleaved. The cleavage results in a single strand of DNA preferentially hybridizing the next intact anchor strand, without the option of going back a step.
Taking a protein-based approach to engineering, the 'lawnmower' [13] is a design that exploits a burntbridges mechanism, thereby functioning autonomously. in radius) , that can be observed via fluorescence. The substrate track is comprised of peptides that contain a recognition sequence for the protease. Following binding, the protease cuts this sequence in two, with one portion diffusing into solution. Proteases then bind to uncleaved peptides; this biases the motion of the lawnmower in a burnt-bridges fashion. Detection of motion and of track cleavage can be performed using fluorescence: the portion of the peptide released by cleavage contains a quencher, thus resulting in fluorescence emission from the fluorophore remaining on the track-associated peptide stub. Because of the different spectral properties of the quantum dot and track, the motion of the motor can be tracked and correlated with cleavage of substrate, which provides a read-out of mechanochemical coupling.
Recently constructed, the lawnmower is expected to bias its own motion by enzymatically cleaving peptide substrates along a track. As shown in Figure 3 , the lawnmower consists of a quantum dot hub conjugated to multiple protease 'blades' via flexible linker molecules. Inspired by the concept of a self-steering lawnmower, this motor was designed to undergo biased motion towards uncleaved substrate. The proteases serve not only as blades but also as 'feet' that first bind, and then cut, their foot-holds (peptides) as they move, thereby effectively biasing motion of the entire complex. The lawnmower is expected to remain on the track as long as the individual foot-binding events occur before complete detachment. The construct is entirely modular. The attached proteases can be switched, the hub size can be increased, and the linker arms connecting the blades and hub can be lengthened or shortened. On a large 2D surface, the motion is expected to resemble a self-avoiding walk, while constraining the track to 1D should result in directed motion. The modular design allows researchers to explore the influence of individual components on motor performance. 
V. CONCLUSIONS
There are many examples of artificial motors being pursued by researchers, each ingeniously designed to walk directionally along a track. In this article we covered examples of biological motors, motile DNA machines, and designs of protein-based synthetic molecular motors. These molecular devices, each in its own way, allow us to learn about the complex biological systems that led to their inspiration. Engineering artificial motors will not only help us understand biological processes, but also holds promise to create new technologies on the nanoscale. For example, DNA devices may have use as sensors for medical applications [14] . Although the field of synthetic nano-scale machinery is still in its infancy, it has great promise for future applications. We are only now realizing the great potential of these devices. There is still a lot to learn.
